ABSTRACT
INTRODUCTION

45
46
A number of regulation mechanisms exist to control the various processes in a cell and to 47 maintain homeostasis. During balanced growth the cells maintain a constant composition, 48 implying regulation of cellular processes tightly coordinated with growth rate. Such 49 regulation is essential at all growth rates, but the cell's composition, size and metabolism may 50 respond to changes in growth rate. The effects of growth rate on cellular processes have been 51 best studied in yeast (3, 25), were hundreds of genes are expressed in a growth rate-dependent 52 fashion (17). In bacteria, growth rate-dependent control has been shown to involve regulation 53 at the levels of transcription and translation, and an increase in growth rate is associated with 54 an increase in cell size and number of ribosomes (11, 16, 24) . In Lactococcus lactis increases 55 in growth rate have been reported to correlate with altered transcription of 30 % of the genes 56 (6). Moreover, a shift to less efficient energy metabolism is frequently observed at higher 57 growth rates (20) . For lactic acid bacteria a reduction in growth rate is specifically associated 58 with a change from homolactic to mixed acid fermentation (9, 12, 19, 31). The metabolic and 59 genetic control of glycolysis has been thoroughly studied (7, 8) , but the mechanisms 60 underlying the shift in metabolism are not completely understood (7, 23). Previously, we used 61 a mutant unable to produce lactic acid to show that a change in metabolism was associated 62 with large effects on the Enterococcus faecalis transcriptome and proteome profiles (18). In 63 Although a shift towards mixed acid fermentation is common in lactic acid bacteria (9, 12, 19, 169 31), differences are seen in the response to growth rate reduction reflecting differences in 170 regulation of metabolism. Some strains of L .lactis make an more abrupt shift towards the 171 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from mixed acid pathway, and unlike E. faecalis V583 they can even display an increase in growth 172 yield in response to growth rate reduction (31). 173
MATERIALS AND METHODS
68
In batch culture with no glucose limitation the homolactic fermentation was even more 174 dominating than in cultures growing at D=0.4 h -1 (Table 1) , and consequently ATP yield was 175 lower. As shown in Table 2 the main contributor to the change in metabolic profile in these 176 experiments was the lactate flux which showed a strong increase with increasing growth rate. 177
Thus he specific in vivo LDH activity (lactate flux) in cells growing at the highest growth rate 178
were 20 times higher than in cells growing at the lowest growth rate. The metabolite flux 179 through PFL was much less sensitive to changes in growth rate and varied less than twofold. 180
The specific in vivo activity of PFL (flux) was highest in cells grown at D=0.15h -1 and almost 181 the same at D=0.4h -1 and D=0.05h -1 . The lower K M of PFL than LDH for pyruvate (10) could 182 explain a higher lactate/formate flux ratio by increasing growth rate, but the formate flux 183 maximum at the middle growth rate indicates regulation of enzyme activity (see below). 184
185
The changes in catabolism were not restricted to carbohydrate metabolism. As shown in 186 Table 3 number amino acids were broken down at different rates depending on the growth 187
rate. Under all conditions tested more than 90-95 % of serine and arginine were consumed. 188
Genes for degradation of these two amino acids are regulated by carbon catabolite repression 189 transcriptional results is presented in Supplemental Table S1 . As shown in Figure 1  212 expression of genes of all functional categories were affected by the changes in growth rate. 213
We found 223 gene transcripts to be altered more than two-fold by changing the growth rate 214 from 0.15 h -1 (p<0.05). At the growth rate of 0.4 h -1 , 88 genes were found to be upregulated 215 and 84 were downregulated. At the lowest growth rate 62 genes were upregulated and and 82 216 were downregulated. Of the 77 genes represented by significant differences for both growth 217 rate changes, most showed a maximum or minimum at the middle growth rate (Figure 2) . 218
We complemented the microarray analyses by transcription analyses of a selection of genes 219 by RT-QPCR, partly to confirm microarray data but also to investigate transcription of genes 220 on November 4, 2017 by guest http://aem.asm.org/ Downloaded from for which the microarray data were of inadequate quality. This analysis included transcription 221 of genes encoding pyruvate formate-lyase activating enzyme (pflA, EF1612), a major 222 facilitator-family transporter (EF0082), glyceraldehyde-3-phosphate dehydrogenase 223 (EF1964), bifunctional acetaldehyde-CoA/alcohol dehydrogenase (EF0900), and the principal 224 lactate dehydrogenase (ldh-1, EF0255). As shown in Table 4 The proteomes of cells grown at the three growth rates were analyzed by 2-D gel 251 electrophoresis. By using 2-D gel software, we were able to detect more than 400 spots on 252 silver stained gels. The analyses identified 56 differentially expressed proteins (p<0. 05) 253 (Table 5 ). The proteins most affected by the changes in growth rate were the general stress 254 protein (EF1744) and the tRNA modification GTPase TrmE encoded by EF3312. Both 255 showed their lowest expression at D=0.15 h -1 . Altogether 24 proteins showed their lowest 256 abundance at this growth rate. Even the ribosomal proteins 30S ribosomal protein S3 257 (EF0212) and 50S ribosomal protein L6 (EF0221), showed this behavior. Six proteins showed 258 reduced abundance and 13 showed an increase with growth rate over the range tested. In 259 general, the effects on the protein level were smaller than the transcriptional effect. Of the 56 260 differentially expressed proteins, the quantity of 21 varied more than twofold between the 261 middle and the high or low growth rates (Table 5 ). Enzymes involved in energy metabolism 262 were the dominant category (16 proteins). 263
264 Surprisingly, the content of the major lactate dehydrogenase, Ldh-1 (EF0255), was the same 265 at the three growth rates (results not shown) despite the huge differences in transcript levels. 266
Thus the synthesis of Ldh-1 appears to be controlled by a post-transcriptional mechanism. 267
The amount of bifunctional acetaldehyde-CoA/alcohol dehydrogenase (EF0900) was also 268 constant (data not shown), although the transcript levels varied. Other discrepancies between 269 data from transcriptional and proteomic analyses were seen for enzymes such as 270 
